Argillaceous and anhydritic rocks as well as rocks containing pyrite are prone to swelling, i.e. to adsorb water, which either increases their volume or, in the case of deformation constriction, causes an external pressure. Until now, the only adequate way to quantify the swelling potential of rocks is via swelling tests on undisturbed rock samples. The testing technique has been developed since the 1970's. The recommendations published in Germany, Switzerland and by the ISRM are reviewed. Furthermore the most important aspects concerning the testing techniques of swelling rocks are discussed which need to be modified for future testing.
Introduction
Depending on the mineralogical composition of rocks, they can be prone to swelling, i.e. to adsorb water, which either increases their volume or, in the case of deformation constriction, causes an external pressure. The swelling process can also induce significant reduction of shear strength and stiffness of the rock. In tunneling, swelling rock can cause big deformations usually in the form of invert heave (Fig. 1a) or excessive stress on the lining, thus leading to severe damages (Fig. 1b) . The knowledge of the swelling potential of the rock is necessary for an adequate choice of the structural design concept for the tunnel and for dimensioning of the support system. In the present contribution the term swelling potential refers to a currently unrealized ability of a rock to increase its volume or generate pressure. The types of design concepts for tunnels can be subdivided in: the resistance principle ( Fig. 2a ) and the yielding principle (Fig. 2b) [1] . The resistance principle considers a structure which is able to support the maximal swelling stress that can be generated during the life time of the structure. The application of the yielding principle presupposes that by allowing a certain deformation to occur via yielding elements, the swelling stress that can be generated during the life time of the structure will be considerably lower than the potential maximal swelling stress. It is clear, that an underestimation of the swelling potential can impair the tunnel support in both cases.
Until now, the only adequate way to quantify the swelling potential of rocks is via swelling tests on undisturbed rock samples. The aim of the paper is to present a critical review of the existing laboratory testing methods for tunneling and foundation engineering purposes. It is not the intention to describe each method in detail, but to discuss relevant aspects, which are considered to be problematic.
First, the swelling mechanisms are briefly presented in Section 2. Next, some existing testing methods for swelling tests are described in Section 3 and critically reviewed in Section 4. 
Swelling mechanisms
Swelling of rocks and soils can occur due to a single mechanism or due to multiple different mechanisms combined. Which mechanism is relevant, depends on several factors, most of all on the mineralogical composition of the rock. The swelling mechanisms can be subdivided in two groups, i.e. physical and chemical mechanisms. The physical mechanisms are driven by electrical forces or pore water pressure, while the other ones are always associated with chemical reactions. An overview of the most common mechanisms is shown in Table 1 . hydration-drying cycles of clayey rock containing pyrite (e.g. Posidonienschist) Fig. 3 . (a) microscopic swelling -expansion of the smectite structure due to of water adsorption [4] ; (b) osmotic swelling -diffuse and electrical double layer model according to Gouy for one clay platelet [5, modified] ; (c) theoretical relationship between the repulsive force F and the distance between two clay platelets according to the DLVO theory [6] .
The pure mechanical swelling due to reduction of negative pore pressure can occur with every argillaceous rock. However, the swelling potential of this mechanism is usually low and of less relevance for tunneling and foundation engineering. During microscopic swelling water dipols are adsorbed between clay platelets (Fig. 3a) . Microscopic swelling can only develop when water gets absorbed by dry so called swelling clay minerals (e.g. montmorillonite). This mechanism has a high swelling potential, but it is usually only of relevance for compacted bentonite blocks, which are used as an additional technical barrier in repositories. During osmotic swelling water dipols are incorporated in the diffuse layer of each clay platelet (Fig. 3b) and a repulsive force between two adjacent platelets will be generated if the platelets are hindered to move (Fig. 3c) .
During the anhydrite-gypsum transformation (A G) anhydrite dissolves and gypsum precipitates due to oversaturation of sulphate ions in the pore water. Hereby the increasing solid volume amounts to 61%. Swelling due to A G lead to several drawbacks in tunnelling across the Gipskeuper formation in the past (especially in the southwest of Germany and northwest of Switzerland). Due to the rock type (i.e. clayey rock with sulphate) A G occurs often in combination with osmotic swelling. Swelling due to pyrite oxidation has been observed beneath heated cellars where hydration-drying cycles are induced due to seasonal fluctuations of the groundwater associated with poor thermal isolation.
In tunneling and foundation engineering the most relevant mechanisms are osmotic swelling and A G. The factors which can influence the swelling behavior are:
Mineralogical composition (e.g. amount of swelling and non-swelling clay minerals, anhydrite or pyrite) Microstructure (e.g. distribution of the minerals) Macrostructure (e.g. joints for hydraulic routing) Chemical composition of the water (e.g. sulphate or other salts) External loads and hydraulic field (e.g. overburden, reinforcement) Temperature (usually negligible, only relevant at higher temperatures during chemical swelling due to changes in the solubilities).
Swelling tests

Aim
The aim of the existing testing methods is to provide information for evaluating the swelling potential of rock, ideally in form of a stress-strain relationship (swelling law). The only widely accepted swelling law is valid exclusively for pure argillaceous rock, i.e. the ''semi-logarithmic swelling law'' of Grob [7] . For anhydritic rock there is still uncertainty concerning the swelling law [8] .
Existing methods
The testing technique for undisturbed rock samples has been developed since the 1970's. The first suggested methods for swelling tests were published by the International Society of Rock Mechanics (ISRM) in 1979 [9] and updated in 1989 [10] and 1999 [11] . The last update included only few changes. In Germany, recommendations were published by the Deutsche Gesellschaft für Erd-und Grundbau (DGGT, now DGEG) in 1986 [12] . The Swiss recommendations published by the Schweizerischer Verband der Strassen-und Verkehrsfachleute (VSS) in 2006 [13] are based on the ISRM recommendations from 1999 [11] . Testing methods on disturbed rock samples (e.g. powder swelling test [14] ) are not considered in the recommendations mentioned above. They are less representative and therefore their results can only be considered as a first indicator of swelling potential and will not be commented furthermore.
The swelling tests described in the recommendations can be grouped in swelling tests under unconfined conditions (free swelling tests) and tests under oedometric conditions, i.e. radially constrained tests. The oedometric tests can be run either to determine the maximal swelling strain, the maximal swelling stress or the swelling strain under different loads. These tests are classified as one-dimensional tests and are performed with standard oedometers used in soil mechanics for consolidation tests. For all the tests the swelling process is initiated by watering the specimen.
For the free swelling tests the specimen can be cut on a conventional rock saw blade, but for the oedometric tests a more demanding specimen preparation procedure is needed because the specimen must fit snugly into the oedometer ring [11, 12, 13] . For rocks that can break easily, ISRM suggest the use of a manual press and a trimming ring (Fig. 4a) [11] . In the 13 years older DGGT recommendations the use of a lathe for achieving a tight fit of the rock specimen is suggested (Fig. 4b) [12] . The VSS norm only suggests drilling the core with a smaller diameter in the laboratory (over coring) for the case that the initial core does not have a perfect cylindrical shape [13] . It is evident, that if no over coring is done a new metal ring and filter plates must be manufactured for each test, since the dimensions can vary from bore core to bore core. All specimen preparation works are done air flushed in order to avoid an early activation of the swelling process.
The maximal swelling strain can be measured by watering a rock specimen under unconfined conditions. In the first version of the ISRM recommendations [9] a cubical specimen is cut from a core and deformations in three orthogonal directions are measured after watering (Fig. 5a ). In the latest recommendations [11] a rock disc is tested (Fig. 5b) . The axial deformation is measured continuously with a dial gauge, while the radial deformation is measured with a stainless-steel band when the test is completed.
Only the DGGT recommend using an oedometer test to determine the maximal swelling strain [12] . For this purpose a relatively low dead load is applied on the specimen (e.g. 5 kPa) in the oedometer and the axial deformation is recorded after watering. Analogue to the free swell tests (cf. section 3.3), no reaction frame is needed for this test. In [12] a complementary test according to Kaiser/Henke is suggested. In this case, after having determined the maximal swelling strain as described above, the oedometer with the specimen are put in a reaction frame and loaded stepwise until the measured deformations due to swelling are compensated. The required maximal stress for this compensation is supposed to correspond to the maximal swelling stress.
The maximal swelling stress is determined by prohibiting axial deformation and thus achieving complete volume constraint. For this purpose a rigid reaction frame is needed. An example of such an apparatus is shown in Fig. 6a . The load frame consists basically of two threaded bars on a plate and a cross head (Fig. 6a) . Although the frame should be rigid a slight deformation of the specimen is nevertheless possible. If this deformation is significant, a compensation of the deformation must be done, i.e. by tightening the nuts on the threaded bars (Fig. 6a) until the deformation is reduced to zero.
With the oedometric tests under different axial loads the swelling strain as a function of the axial stress can be determined. A loading frame as suggested by ISRM [11] (Fig. 6b) or as used in soil mechanics for consolidation tests is adequate for this type of tests. Usually several load stages are run, i.e. different axial loads over time are applied in order to obtain a stress-strain relationship. Contrary to consolidation tests the maximal load is applied prior to watering and held constant during swelling, until a new equilibrium is reached, i.e. no more changes in the axial deformation can be observed. Afterwards, the specimen is unloaded to a prescribed load and the load is held constant again until a new equilibrium is reached. These steps are repeated for other lower loads. There are two different ways to run the test, i.e. as initially proposed by Huder/Amberg [12] or according to ISRM [11] . In the first case the specimen is loaded, unloaded and reloaded up to same applied load and then watered, while in the second case the specimen is only loaded once prior watering.
b Fig. 4. (a) specimen preparation with a manual press and a trimming ring [11] , (b) with a lathe and (c) cutting both ends of the specimen with a diamond band saw. After the tests the water content is usually determined as well as the density of the specimen. The grain density can be determined previously with left-over material of the sample. In the case of anhydritic rock and for the determination of the water content of the pore water, [11] suggest to dry the specimen in a desiccator over P 2 O 5 . Afterwards the specimen is heated in an oven for 24 h at 200 ºC where A G is reversed to a gypsum to anhydrite transformation (G A). By weighing the specimen after heating the amount of lost water is supposed to be determined accurately enough so that the amount of gypsum in the specimen can be calculated.
Critical review of the existing methods
Specimen preparation
For the oedometric tests it is of paramount importance that the specimen fits snugly in the ring. The trimming ring as proposed by ISRM (Fig. 4a) works only with stiff clays but not with rock, even if it supposedly breaks easily. The intention is to cut the specimen but not to break it so that the outer surface of the specimen is not damaged, which would alter the results. Therefore the only adequate way to obtain a cylindrical specimen which fits snugly into the ring is with a lathe (Fig. 4b ). An additional advantage is that while cutting the sample with the lathe, the external surface of the core, which was affected or altered due to boring, will be removed. The top and bottom faces of the specimen can also be cut with the lathe. However better results are obtained if these surfaces are cut with an air flushed diamond band saw (Fig. 4c ). An additional possible advantage of this preparation procedure is that after having cut a longer piece of core, several specimens can be cut with the band saw successively and thus the specimens can be prepared more efficiently.
Free swelling test and oedometric test with dead load
A potential problem of free swelling tests is that the specimens can disintegrate, leading to questionable measurements. Furthermore, measuring the radial deformation with a metal band (Fig. 5b) is useless. Usually all deformation measurements of an apparatus should have the same order of accuracy. In this case the dial gauge is measured continuously with an accuracy of 0.01 mm or better (the accuracy of standard digital dial gauges amounts to 0.003 mm) while the metal band can be read at the end of the test and this with an accuracy of 0.5 mm on a partially disintegrated specimen. The setup proposed by ISRM in their first recommendations (Fig. 5a ) solved the accuracy problem by measuring the deformations with additional dial gauges placed in orthogonal directions. This allows measuring the swelling deformation for example perpendicular and parallel to the bedding planes of argillaceous rocks and thus to quantify strain anisotropy, provided the specimen does not disintegrate. In the case of anhydritic rock, the anhydrite will dissolve and the sulphate ions will precipitate to gypsum at the free surfaces of the specimen, forming crystals in the shape of needles (Fig. 7) . This crystal growth is not representative for any conclusions since it is not the cause for the observed swelling phenomena in tunnels. In general, the main advantage of free swelling tests is the quick specimen preparation. Since the radial boundary conditions are not oedometric, the results can overestimate the maximal swelling strain. If the intention is to determine the maximal swelling strain for the swelling law it is highly recommended to run an oedometric test with a relatively low dead load (e.g. 5 kPa) as suggested in [12] .
Oedometer setup
The oedometer setup from soil mechanics is based on consolidation tests, i.e. a settlement is expected and therefore only the porous plate and the load plate on the top of the specimen will move within the ring (Fig. 8a) . In the case of swelling tests a heave is expected which can also move the ring upwards (Fig. 8b) , with the result that oedometric conditions are not valid anymore. A modification of the setup can help to avoid this situation. The porous plate at the bottom of the specimen should fit in the ring (Fig. 8c) . Furthermore, a higher and thicker ring should be considered because in the case of anhydritic rock, high stresses or big deformations can be expected. (Fig. 8c) . Also the metallic sphere should be replaced by a considerably stiffer calotte. [11, 12, 13] ; (b) possible ring movement due to swelling and (c) alternative setup.
Apparatuses for oedometeric tests
In the DGGT [12] and ISRM [11] recommendations mentioned above, two different apparatuses for oedometric tests are proposed and required, namely one for determining the maximal swelling stress (Fig. 6a) and another for determining the stress-strain relationship (Fig. 6b) . With the first type of apparatus, deformation-controlled tests are run, while with the other apparatus only load controlled tests are possible.
The so called "rigid frame" in Fig. 6a is not stiff enough (e.g. even for swelling stress of 0.5 MPa compensation is needed [11] ). It must be pointed out, that swelling stresses of anhydritic rocks higher than 8 MPa have been reported [15] . The strain compensation can also cause damage the swollen specimen, for example crushing of the gypsum crystals or the clay matrix and thus falsifying the determination of the maximal swelling stress.
The apparatuses used for consolidation tests in soil mechanics to determine the stress-strain relationship are usually designed for nominal loads of about 10 kN, which can be insufficient in the case of anhydritic rock. Independent of this limitation the maximally applied load during this test should not exceed the maximal swelling stress. Since prior to the test this value is usually unknown, the applied load is defined often as function of the overburden pressure in-situ and is thus arbitrary. A too high load can damage the structure of the specimen or compact it and thus falsify the results. This is particularly true for weak rocks or for stiff soils.
An alternative testing procedure is described in [16, 17] , which represents a combination of both tests described above. Here the specimen is fixed in a stiff reaction frame and watered. The volume constriction is kept until the maximum swelling stress is reached ( max in Fig. 9a) . A compensation of strains ( swell 1 in Fig. 9a ) should be avoided. Subsequently, the sample is unloaded stepwise (e.g. 2 to 4 in Fig. 9a ). For each step the load is kept constant until new equilibrium is reached. After the test (and if necessary) max can be corrected by extrapolating the swelling strain-stress curve for zero strain. Fig. 9b shows the results of swelling tests in a swelling stress-strain diagram with samples from the Feuerletten formation performed according to DGGT [12] and ISRM [11] recommendations as well as according to the alternative procedure described here. In the case of this weak rock it becomes evident, that due to the pre-loading the swelling potential can be considerably overestimated (cf. max after DGGT, ISRM and the here proposed alternative procedure amounts to 610 kPa, 330 kPa and 150 kPa in Fig. 9b ). The alternative testing procedure allows to determine the maximal swelling stress as well as the stress strain relationship with one specimen and thus reduce scatter, without pre-loading the specimen.
The apparatuses needed for the alternative procedure described above must be rigid. It must also allow deformation and load control tests and thus provide a higher flexibility for the test execution. Such an apparatus is described in [8] (Fig. 10) . The reaction frame consists of four thick columns and two thick steel plates. In the first step, the oil valve at the jacket is closed and the oil pressure is measured with the pressure gauge (Fig. 10) . For the next steps the oil pressure in the jacket can be controlled with dead loads [8] or alternatively with a pressure/volume controller. Two digital dial gauges placed as closed as possible to the specimen should be used to measure the slight deformation of the specimen accurately (Fig. 10) . The water reservoir must be air tight, otherwise evaporation will occur. Especially for tests with anhydritic rock the evaporation will change the ion concentration in the solution and may influence the gypsum precipitation process (Fig. 10 ) and thus the results. 
Additional analysis after tests
In the case of anhydritic rock the procedure proposed in [11] to determine the gypsum content after test is inadequate due to lack of accuracy (cf. section 3.2). Alternatively, the gypsum content can be determined with the dried specimen via thermogravimetric analysis (TGA). In order to avoid the transformation of gypsum to basanite, the specimen can be dried in a dissicator (cf. section 3.2) or in an oven at temperature lower than 45 ºC (cf. [19] ). Additional to TGA, X-ray diffractometric analysis (XRD) can be performed prior and after test.
Conclusions
A critical review of the old existing testing methods from the past 25 years was done and several shortcomings were identified. One of the reasons for these shortcomings is that setups and apparatuses which were conceived for consolidation tests with soil are proposed to be used for swelling tests, without considering necessary adaptions and modifications. Another reason is that the apparatuses do not allow more flexibility in the testing procedure, i.e. they allow either load-or deformation-controlled tests. In order to overcome these shortcomings, alternatives concerning setup of oedometer, apparatuses for swelling tests and testing procedures are presented.
